Several fundamental aspects of the oxidation-induced redistribution of Ge in thin films of SiGe are studied. This includes the incorporation of Ge into the oxide and the formation of what is alternatively referred to as pile-up, snow-plow, or a germanium-rich layer. Experimental data from the present work shows longer oxidation times leading to an increase of Ge content in the pile-up region and eventually creating a single high Ge content pile-up layer by entirely consuming the initial SiGe layer. The pile-up effect was shown to occur at the oxidation interface, with the highest Ge content occurring at the same interface. For a given oxide thickness, the redistribution of Ge and the formation of a pile-up region was shown experimentally to be independent of temperature in the range between 800 C and 1000 C. Simulations using common models for the oxidation of Si and diffusion of Si in SiGe indicate that temperature does have an influence on the composition of the pile-up layer, though the range of achievable compositions is limited. The flux of Si due to diffusion of Si in SiGe relative to the oxidation-induced flux of Si out of the SiGe is integral to the formation and dimensions of a pile-up region. Two predictive relations were derived for describing the dynamics of oxidation of SiGe. The first relation is given for determining the pile-up layer thickness as a function of oxide thickness and the composition of the pile-up layer. The second relation assumes a limited supply of Si and is for determination of the minimum initial thickness of a SiGe layer to avoid oxidation of Ge. The validity of these equations was confirmed experimentally by RBS and XPS data from the present work. The proposed models may be used in nanostructuring of thin films of SiGe by oxidation and in the design of core-shell structures and transistors. This is all done with a focus on oxidation of epitaxial thin films (< 100 nm) of Si 1-X Ge X in dry O 2 at 1 atm between 800 C and 1000 C.
I. INTRODUCTION
The importance of SiGe in IC design and fabrication is increasing due to demand for higher speed and lower power electronics, recent commercialization of FINFETs, advances in the fabrication of SiGe-on-insulator 1-3 (sapphire or SiO 2 ), and the proliferation of RF applications in the marketplace. Incorporation of Ge into Si CMOS processing has been motivated by SiGe's utility in creating high mobility channels, 4 reduction of parasitic effects, like drain-induced barrier lowering, 5 and creation of other novel gate architectures and nanowire transistors. 6, 7 Yet another promising application of SiGe is its use in core-shell structures for photovoltaics. 8 Nanostructuring of SiGe by oxidation is an effective method for construction of a wide variety of SiGe-based electronic devices, a fact which highlights the importance of research into the dynamics of oxidation of SiGe and the subsequent redistribution of Ge in the SiGe.
The use of dry O 2 oxidation to create SiGe core-shell structures relies on the selective oxidation of Si, which acts to separate Si from Ge and creates a graded Ge concentration in the SiGe. Such concentration gradients are typically characterized by a Ge-rich region adjacent to the SiO 2 growth front and are variously referred to as a pile-up region, snow plow effect, or germanium-rich layer (GRL). The pile-up effect, resulting from dry oxidation of SiGe, has been reported to occur in numerous publications, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] but these observations are frequently limited to the acknowledgment of the existence of a pile-up layer. Furthermore, the reports do not provide sufficient information to understand how modification of the oxidation conditions may lead to variations in the profile of Ge concentration in the SiGe.
The present work addresses the dynamics of oxidation of thin films of SiGe by considering dry O 2 oxidation with various times and temperatures. The focus on sub-100-nm films ensures that the discussion is pertinent to modern technological applications.
The driving factors in the formation of a pile-up layer are, first, the susceptibility for incorporation of Ge into the oxide and, second, the relative diffusion of O, Si, and Ge in the oxidizing material. The Ge content of the oxide is evaluated here using analysis of x ray photoelectron spectroscopy (XPS) data. The role of Gibbs energies in the formation of oxides is reviewed to provide a better understanding of the influence of temperature on the incorporation of Ge into the oxide. The relative diffusion of oxidant in SiO 2 and that of Si in SiGe or Ge forms the basis of several models that have been proposed to describe the oxidation processes in SiGe. [23] [24] [25] [26] The present work uses Rutherford backscattering spectroscopy (RBS) data to evaluate the role of oxidation time and temperature in the formation of a pile-up region and to provide experimental support for two descriptive relations. The proposed relations describe the pile-up layer thickness as a function of oxide thickness and allow prediction of the initial SiGe layer thickness required to avoid oxidation of Ge. These models may be useful in making first order estimates in the design of core-shell structures and transistors using oxidized SiGe.
II. EXPERIMENTAL
Epitaxial layers of Si 1ÀX Ge X on a 100-nm Si buffer layer were grown on (100)-oriented Si substrates. The Si 1ÀX Ge X layer thicknesses for the two wafers used were 80 nm and 70 nm for X ¼ 0.15 and X ¼ 0.20, respectively. The thermal oxidation was done using a tube furnace at ambient pressure flushed with dry O 2 at 800 C, 850 C, 900 C, 950 C, and 1000 C. The native oxides were not removed prior to oxidation.
X ray photoelectron spectroscopy (XPS) was performed with a Kratos Axis Ultra DLD system using Al Ka x ray excitation (hv ¼ 1486.6 eV). Compositional profiles were acquired by combining XPS measurements with Arþ cation etching. The XPS compositional profiles were correlated to physical depths using profilometer measurements of the milled craters. The resolution of XPS measurements is given by the detection depth, d ¼ 3kcosh, where k is the inelastic mean free path of photoelectrons and h is the angle of emission. In this case, h is 0 , so the detection depth is 3.5 nm for the Ge2p photoelectrons, which is significantly less than the detection depth of 11.7 nm for Ge3d photoelectrons. These detection depth values were derived assuming that the photoelectrons are traveling through an SiO 2 layer and by using data from the Tanuma, Powell, and Penn algorithm. 27, 28 Rutherford backscattering spectroscopy (RBS) measurements were done with 2 MeV 4Heþ ions backscattered into the detector at 100 relative to the incident beam direction.
This glancing-angle detector geometry was used to provide enhanced depth resolution for accurate analysis of films near the surface region. Oxide and pile-up layer thicknesses were determined by fitting simulated curves to the experimentally determined RBS spectra. Oxide thicknesses were also measured by ellipsometry at 632.8 nm and 830.0 nm wavelengths and 70
angle of incidence, with each sample repeatedly measured at each wavelength in order to account for random error in the measurements. The analysis used a three-layer model and treated the oxide, pile-up, and SiGe layer thicknesses as well as the index of refraction for the pile-up layer as unknowns. For the purpose of comparing the oxide thicknesses determined by ellipsometry to those determined by RBS, the certainty in the ellipsometry measurements may be calculated while presuming the RBS values to be the actual values. With such a presumption, the sample standard deviation in the ellipsometry measurements was calculated to be 3.8 nm.
III. RESULTS AND DISCUSSION

A. Oxide composition
A critical factor in the manipulation of Ge concentrations in SiGe thin films by oxidation is the degree to which Ge is incorporated into the oxide. Considering this, Fig. 1 shows an XPS depth profile of the oxide of a Si 0.85 Ge 0.15 sample oxidized at 950 C for 25 min. Arþ cation etching was used to expose progressively deeper levels of the sample to create the depth profile of the sample composition shown. A short etch time was used for this sample to highlight the composition of the oxide. In the XPS profiles, metallic and oxidized Si appear at binding energies of $97 eV and $102 eV, while metallic and oxidized Ge appear at $1215 eV and $1219 eV, respectively. Noting that Ge2p photoelectrons have low kinetic energy and arise from shallow depths, the surface sensitive Ge2p peak indicates that the native oxide contains some oxidized Ge, which is consistent with other reports in the literature. 29 The remainder of the oxide is devoid of any form of Ge until the SiO 2 to SiGe interface is reached.
XPS data in Fig. 2 illustrates very similar behavior for a sample with a comparable oxide thickness, but oxidized at 850 C. A long etch time was used for this sample, so the XPS profile shows the sample composition from the surface all the way to the substrate. It can be seen that GeO 2 appears in the region of the native oxide, while only SiO 2 occurs in the bulk of the oxide. Metallic Ge can be seen in the SiGe layer, and no Ge is present in the substrate. However, when compared to the sample in Fig. 1 , the longer etching times used between XPS measurements for the sample in Fig. 2 result in less detailed probing of the interface between the oxide and pile-up layers.
Figure 3 presents a depth profile showing the relative concentrations of O, Si, and Ge constructed from the same XPS data as was used for Fig. 2 ; the lines connecting data points in Fig. 3 are for illustrative purposes only. The depth profile uses the Ge3d signal, which is less surface sensitive than the Ge2p signal, but allows better comparison to the O and Si data due to the fact that the signals arise from similar depths. Figure 3 does indicate the presence of Ge in the region of the native oxide, but considering the limited resolution of the Ge3d peak, the concentration of Ge in this region is negligibly small. Both Figs. 1 and 2 also indicate that the GeO 2 is limited to the native oxide. This is consistent with experimental evidence presented in the literature showing GeO 2 in very thin or low temperature oxides, including native oxides. [30] [31] [32] Also, there is a point of high Ge concentration at the interface between the oxide and SiGe layers, which is indicative of a Ge pile-up layer with a Ge concentration that is roughly double that of the intrinsic SiGe.
The preferential oxidation of Si over that of Ge is a critical characteristic of SiGe oxidation and can be explained using the Gibbs energies, G, of the constituent reactants. 32 Thus, an understanding of the Gibbs energies involved will help explain whether Ge will be incorporated into the oxide during thermal oxidation.
The change in Gibbs energy due to a reaction between several reactants is given by DG P ¼ G P À(G R1 þ G R2 ), where G P , G R1 , and G R2 are the Gibbs energies of the reaction product and two separate reactants, respectively. 33 A negative value for DG P indicates that the reaction will occur spontaneously. The values of DG SiO2 and DG GeO2 for the formation of oxide from Si, Ge, and O 2 for temperatures between 27 C and 1127
C are in the range of À856 kJ/mol to À661 kJ/mol and À521 kJ/mol to À310 kJ/mol, 33 respectively. It is clear that, although both SiO 2 and GeO 2 formation are exergonic, the SiO 2 reaction is more so than that of GeO 2 , leading to the preferential formation of SiO 2 . This point may be emphasized by the data in Fig. 4 , showing DG SiO2 for the formation of SiO 2 from GeO 2 and Si, which is equivalent to the difference between DG SiO2 and DG GeO2 . The data in Fig. 4 shows that SiO 2 is preferred over GeO 2 , at least for temperatures between 27 C and 1127 C, and that any occurrence of GeO 2 may be converted to SiO 2 , given elemental Si. 34 This preference is exaggerated at higher temperatures, but DG is consistently and substantially negative between temperatures where native oxides might occur and the upper end of common oxidation temperatures. This and other published analyses 32 indicate that Ge will not be oxidized if elemental Si is present. 
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The analysis of the thermodynamics of Si and Ge oxidation is useful in determining whether Ge will be oxidized in such a tertiary system, but it does not address the question of whether there is a tertiary system, that is, whether Si is present at the oxidation interface. The supply of Si to the oxidizing interface, and thus the exclusive oxidation of Si versus oxidation of both Si and Ge, depends on the diffusion of the constituent species in the thin films. This has been examined by modeling the flows of oxidant through the oxide and of Si through a Ge-rich region adjacent to the oxidizing interface. 22, 23, 32 Low relative Si flows induced by low temperatures or high oxidant pressures have been recognized as leading to formation of GeO 2 . 30, 32 Kilpatrick et al. 23 have determined a so-called crossover temperature for various oxide thicknesses and oxidation conditions, below which GeO 2 is formed and above which the oxide is exclusively SiO 2 . For dry oxidation at 1 atm, this crossover temperature is listed as $380 C for very thin oxides and not exceeding $650
C for oxides of a few micrometers or more. 23 The presence of oxidized Ge in the native oxide, as demonstrated in Figs. 1 and 2, may be due to the low diffusion rates of Si and Ge as compared to O at such low temperatures. If Si is fixed due to low diffusion rates at low temperatures during the formation of the native oxide, the surface of the SiGe film would be denuded of metallic Si, allowing for the oxidation of Ge. The very fast oxidation rates for ultrathin oxides during subsequent thermal oxidation may prevent diffusion of enough Si to the outermost surface of the oxide to convert the oxidized Ge to SiO 2 according to the thermodynamics presented in Fig. 4 . The Si2p line at the sample surface in both Figs. 1 and 2 confirm the absence of metallic Si in this layer. This may be contrasted to the interface region between the thermal oxide and the SiGe layer. In this interface region, the Si2p and O1s lines indicate the coexistence of Si and SiO 2 , while the Ge2p line indicates the absence of any oxidized Ge, which lends further credence to the conclusions presented in Fig. 4 and the accompanying discussion.
The oxidation temperatures used in this study and those that appear most commonly in the literature are between 800 C and 1000 C. This is motivated in part by the fact that lower temperatures increase the probability of Ge incorporation into the oxide, which will reduce the pile-up effect and potentially compromise the electrical integrity of the oxide. On the other hand, higher temperatures could lead to melting of the pile-up region, which may have an adverse effect on the oxidation process; [21] [22] [23] the melting temperature for Ge is $940 C, with the solidus curve passing Si 0.25 Ge 0.75 at $1000 C. 35 
B. Ge redistribution and the pile-up layer
Given that Ge incorporation into the oxide is not significant under the oxidation conditions considered here, our focus on evaluation of the Ge concentration profile shifts to the SiGe layer, from which Si is leached during oxidation. Figure 3 has shown that a region of elevated Ge concentration occurs at the oxidation front. This pile-up effect has been reported at temperatures as low as 600 C 23 and as high as 1125 C. 13 Li et al. 20 examined the Ge concentration at the oxidation interface for different oxidation temperatures and times and qualitatively compared the influence of temperature on the oxidation rate to the diffusion of Ge. However, the authors did not examine the Ge concentration away from the interface to give a better description of the overall Ge distribution. A few reports present profiles of Ge distributions for various oxidation times at individual temperatures; [18] [19] [20] [21] an approach which is useful for understanding the progression of the pile-up effect over time. Figure 5 takes this approach by presenting data from the present study, showing RBS profiles from Si 0.80 Ge 0.20 samples oxidized for various times at 900 C with an emphasis on the Ge signal. The RBS profiles represent samples with oxide thicknesses between the native oxide for the un-oxidized sample and 575 Å for a sample oxidized for 150 min at 900 C. The inset shows a wide view of two RBS spectra, including the O, Si, and Ge signals for the un-oxidized and most oxidized samples. In the case of oxidation for 25 min resulting in a 196 Å oxide, there is a distinct pile-up region that is clearly differentiated from the bulk of the SiGe layer. At 67 min (356 Å oxide), the pile-up continues to enhance the Ge concentration and, although there is a Ge gradient, there are not two distinct regions of Ge concentration. At 150 min (575 Å oxide), there is only a single region of high Ge concentration. In the latter sample, there is clearly a pile-up effect, but the resulting stoichiometry is fundamentally different from the dual concentration regions frequently associated with the terms pile-up, snow plow, and germanium-rich layer (GRL) and that are required by core-shell structures. Figure 6 shows the RBS profiles for Si 0.85 Ge 0.15 , wherein the channel number has been normalized in such a way as to align the oxide to SiGe interface for all of the samples. This is done in order to illustrate more clearly the development of the pile-up region. The tendency for longer oxidation times to induce higher Ge concentrations is clearly visible. Furthermore, whereas in the non-oxidized sample, the Ge concentration near the oxidation front gradually increases to a plateau value, the longer the sample is oxidized, the steeper the RBS profile becomes at the oxide to SiGe interface. This indicates that the RBS resolution is not C for various times, including an un-oxidized sample. The inset shows two spectra with a broader range, including signals for O, Si, and Ge for two samples with very thin and thick oxides. The spectra are labeled by oxidation time and oxide thickness (from ellipsometry.) 2012) the sole cause for the gradual increase in Ge for the intrinsic samples and that oxidation serves to maximize the Ge concentration at the oxidation front. In contrast, the slope of the RBS profile for the Ge at the interface with the substrate remains reasonably constant with oxidation time. This along with the fact that the depth of the Ge profile decreases with time indicates that there is little or no diffusion of Ge into the substrate. It is possible that oxidation of thicker intrinsic SiGe layers would demonstrate this more clearly by ensuring a longer plateau and distance between the pile-up region and the substrate. Another approach is presented by Jang et al., 14 who look at pile-up effects at multiple temperatures for a single oxidation time. Although most authors conclude that temperature does influence the Ge profile, they do not effectively compare one temperature to another, because the use of one oxidation time for multiple temperatures results in different amounts of Si having been removed from the SiGe layer by oxidation. To fully appreciate the influence of temperature on the Ge distribution, samples with similar oxide thicknesses should be compared such that the Si removed from the SiGe layer by oxidation is similar for all samples and temperatures. Figure 7 shows such data from Si 0.85 Ge 0.15 samples with similar oxide thicknesses which were oxidized at temperatures between 800 C and 1000 C. There is no clearly discernible influence of temperature on the Ge concentration profile for a given oxide thickness.
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C. Empirical relations for layer thicknesses
The thicknesses of the pile-up and oxide layers that result from thermal oxidation may be determined using ellipsometry, RBS, or TEM. However, it is useful for the experimentalist or technologist to have a simple predictive tool for determining these values before an oxidation is done. To that end, the following discussion presents two relations that may be used in designing nanostructures in oxidized thin films of SiGe.
The term "pile-up" is in fact poorly defined in the literature and can only be described reliably as the tendency to increase the Ge concentration in a region adjacent to the oxidation front. This does not define the Ge profile other than to state that it is higher than it was prior to oxidation. The magnitude and profile of the germanium concentration in the pile-up region will depend on a balance between the oxidation rate and the rate of diffusion of Si through the pile-up region toward the oxidation front. If, however, this system is simplified by removing the effect of the diffusion of Si and also assuming that the pile-up region is 100% Ge, then the thickness of the pile-up region can be calculated directly.
Considering the oxidation of Si; the depth of Si consumed, t Si-consumed , in order to provide enough Si for the formation of an oxide with thickness t ox , is described as
where N ox and N Si are the molecular and atomic densities of the oxide and Si, respectively. Similarly, for the oxidation of SiGe, the depth of SiGe from which Si is extracted to form the oxide layer, t SiGe-consumed , is
where N Si-SiGe is the atomic density of Si in the SiGe layer; this assumes exclusive oxidation of Si. If the composition of the initial SiGe layer is described by X, the number of Ge atoms in the SiGe as a fraction of the total, while the total atomic density of the SiGe is N SiGe , then the atomic densities of Si and Ge in the SiGe are
If all of the Si atoms are removed from the SiGe layer to a depth of t SiGe-consumed , leaving a layer of pure Ge (i.e., no Si), then
where N Ge is the atomic density of Ge and t pileup is the thickness of the pile-up region. The pile-up thickness may then be found by substitution as
Here, the pile-up layer is composed only of Ge, and so t pileup is at its minimum possible value. As the pile-up layer will inevitably contain some Si, Eq. (6) may be rewritten as
where N Ge-pileup is the atomic density of Ge in the pile-up layer, N SiGe-pileup is the atomic density of the pile-up layer, and X pileup is the fraction of Ge in the pile-up layer. Equation (7) is a more general expression and is equivalent to Eq. (6) when X pileup ¼ 1. Equation (6), wherein the pile-up layer is composed entirely of Ge, may serve as a limiting condition, particularly when considering oxidation of SiGe-on-insulator or when oxidizing nanorods. These are situations in which there will be no diffusion of Si from the substrate and, thus, a limited supply of Si for oxidation. Oxidation of such structures beyond a given oxide thickness will lead to the oxidation of Ge due to the absence of Si for oxidation. Three cases can be defined for SiGe-on-insulator systems (with the preoxidation SiGe layer thickness written as t SiGe-initial ): 23 point out that Ge and Si will oxidize simultaneously when the flow of O to the oxidation interface outweighs the flow of Si to the same interface. So, in practice, the minimum initial SiGe layer thickness to avoid formation of GeO 2 will be somewhat larger than is predicted by Eq. (8), but it will not be any smaller. For the fabrication of nanowires, consideration of the dimensions of the nanowire must take into account the fact that oxidation will occur from multiple dimensions as well as the likelihood that oxidation will occur at different rates for different crystal facets. This is a similar problem for FINFETS, but, in this case, an oxidation barrier like a SiN cap may be placed on top of the fin in order to limit oxidation to two sides.
The discussion so far has not incorporated diffusion of Si from the substrate. In the event that Si does diffuse toward the oxide from the substrate, some of the Si from the SiGe layer that has been incorporated into the oxide during oxidation will effectively be replaced by Si diffusing from the substrate into the SiGe layer. This effect can be expressed by rearranging Eq. (7) to show the dose of Si in the oxide and that removed from the SiGe layer with the addition of the dose of Si from the substrate, Q sub ,
The present work and other studies [15] [16] [17] 37 have used samples with SiGe on Si and provide enough data to give a cursory validation of Eq. (9) . Figure 8 uses data from this study as well as data extracted from published work to plot the dose of Si in the oxide, t ox N ox , versus the dose of Si removed from the SiGe, t pileup N SiGe-pileup X pileup (1 À X)/X. The value used for N ox in Fig. 8 , and the data therein is separated and labeled by the Ge content of the preoxidation SiGe layer and the data source.
In the event that Q sub is 0, the dose in the oxide should exactly equal the dose from the pile-up region, and the correlation between the two should have a slope of 1. The data in Fig. 8 shows that this is the case for the small oxide thicknesses, but that the data for larger oxide thicknesses indicate a non-zero value for Q sub . This is quite sensible for the case of small oxide thicknesses, as very little if any of the Si from the substrate will have reached the pile-up or oxide due to the relatively thick SiGe layer it must pass through and the short oxidation time associated with the thin oxide. Regarding the thicker oxides; if all other values are correct, then the value of Q sub indicated would have to be negative, which is not easily explicable, given that Si from the substrate should diffuse into and not out of the SiGe. However, the accuracy with which the variables in Eq. (9) thickness of the pile-up region is not well defined in the literature. Smaller values of the pile-up thickness, concentration, or density would help to account for the apparent negative value of Q sub in Fig. 8 . The same is true of larger values of the oxide thickness or density or of the initial SiGe concentration. It is clear though that there is no evidence of diffusion of Si from the substrate making any substantial contribution to the dimensions of the oxide or pile-up layer.
D. Determination of the pile-up Ge concentration
The system being discussed can be described by three fundamental fluxes of Si. The first is the flux of Si being consumed by the oxide, J ox , the second is the flux of Si from the SiGe region through the pile-up toward the oxidation front, J pileup , while the third is the flux of Si from the substrate into the SiGe region, J substrate .
The relationship between J ox and J pileup is integral to the formation of the pile-up region. Where J ox > J pileup , a pile-up region will form, and if this condition remains true for long enough, both Si and Ge will be oxidized and X pileup will be 1, whereas J ox < J pileup will lower the Ge concentration at the oxidation front. The case in which J ox ¼ J pileup will affect a constant Ge concentration at the oxidation front.
The diffusivity of Si in Ge is reported as being five to six orders of magnitude higher than the diffusivity of Si in Si. 38 This will tend to create an abrupt transition between the SiGe region and the pile-up region with nearly constant Ge concentration in the pile-up region. If at first a pile-up region composed entirely of Ge is formed and J ox is both independent of X pileup and less than J pileup , the Ge concentration in the pile-up region will decrease, thereby decreasing J pileup until either J pileup ¼ J ox or until the pile-up concentration equals the concentration of the infinite source (the initial SiGe concentration in this case.) In this way, X pileup is determined by balancing the flux of silicon to the oxidation front and the flux of silicon consumed by oxidation and can be considered a single value because of the assumption of an abrupt transition between the SiGe layer and the pile-up layer. This makes the oxidation rate a determining factor in the formation of the pile-up region.
The relationship between J substrate and J pileup are synonymous to that between J pileup and J ox . Given that the diffusivity of Si in Ge is orders of magnitude higher than it is in Si and that a pile-up region exists with a Ge concentration that is higher than the initial SiGe concentration, the condition where J substrate > J pileup should never occur. It would then also be true that lower initial Ge concentrations will minimize the contribution of J substrate to the formation of the pileup region. More precisely, the contribution of J substrate to the formation of the pile-up will decrease as the ratio X/X pileup goes from 1 to 0. In the extreme case where X ¼ 1 and J substrate ¼ 0, there is no Si to be oxidized and no pile-up region. This situation may be extended to any condition in which X/X pileup > 1, whether X ¼ 1 or X pileup < X < 1. The implication of this is that, if J ox acts to limit the value of X pileup to less than 1, then there will exist a maximum value of X, below which a pile-up region may form and above which no pile-up will occur. The case where X is very close to 0 will minimize the influence of J substrate and will maximize the pile-up effect by maximizing the contrast between the Ge concentration in the initial SiGe layer and the pile-up region (i.e., minimizing the X/X pileup ratio). Thicker initial layers of SiGe will also minimize the influence of J substrate .
If the Ge concentration is constant throughout the pileup region and the entirety of the Si in the pile-up region and the oxide is considered to be supplied by diffusion of Si, then the post oxidation Ge content may be written as the sum of doses from diffusion and the doses in the resulting oxide and pile-up region,
where Q diffusion is the dose of Si supplied to the pile-up from J pileup (i.e., from the initial SiGe layer), Q ox ¼ t ox N ox is the dose of Si in the oxide, and Q pileup ¼ t pileup N SiGe-pileup (1 À X pileup ) is the dose of Si remaining in the pile-up region after oxidation. Substitution of t pileup from Eq. (9) allows the simplification of Eq. (10). Figure 9 shows the values of X pileup that satisfy Eq. (10) versus the oxide thickness; the data presented is for five temperatures and is labeled accordingly. The value of t ox , and thus Q ox , for various oxidation times and temperatures is found by modeling the oxide thickness with the Massoud 39 model while using oxidation rate constants for Si published therein. The value of Q diffusion is determined using a pre-deposition diffusion model while defining the initial SiGe layer as the infinite source and the pile-up layer as the medium into which Si is diffusing. The diffusivity of Si in the said medium is defined by X pileup and is estimated from published values. 38 The initial SiGe region is thick (e.g., $100 nm) and has a low value of X (0.05), such that the contribution of J substrate to the formation of the oxide and pile-up layer may be neglected. Use of a Ge concentration, X, of 5% for the initial SiGe layer also ensures that the assumptions of an infinite source associated with a predeposition model and Si oxidation constants are appropriate approximations. The flatness of the curves in Fig. 9 reflect a close correlation between J ox and J pileup , except for oxide thicknesses very close to 0. The influence of X pileup on the relationship between J ox and J pileup may be seen by considering the ratio between the left-and right-hand sides of Eq. (10) . Figure 10 shows this ratio as a function of oxide thickness (analogous to oxidation time), as determined by the Massoud 39 model. The data presented is for five values of X pileup and is labeled accordingly, while X is fixed at 0.05 and the temperature is fixed at 1000 C. A value of 1 indicates the Ge concentration for which Eq. (10) is satisfied. Small changes in X pileup cause a drastic deviation from the equilibrium condition, where the scaled ratio of doses is 1. The value of X pileup that satisfies Eq. (10) remains quite stable over a range of oxide thicknesses. Figure 11 shows the same scaled ratio of doses for the same five values of X pileup as in Fig. 10 , but plotted against temperature and for a fixed oxide thickness of 50 nm. Figure 11 suggests that X pileup has a limited dependence on temperature, though the data in Fig. 7 suggest that this dependence is substantially smaller. The stability of the value of X pileup over a range of oxidation thicknesses suggested by Figs. 9 and 10 and the results in Fig. 11 suggest that there is a limited range of pile-up concentrations that may be achieved by oxidation in the sub-100-nm region and particularly in the linear oxidation regime, which is dominated by a nearly constant oxidation rate.
This analysis suggests that variation of the oxidation temperature during the oxidation could be a realistic means to control the pile-up concentration, but that the range of achievable pile-up concentrations is limited. In discussion of their own modeling results, Kilpatrick et al. 23 also mention the limited dependence of X pileup on temperature, but they do not demonstrate the point. If temperature variation is used to control the pile-up concentration, the pile-up thickness could be controlled by modification of the oxidation time and the initial SiGe concentration. However, wet oxidation or controlled oxidant pressure would be more effective methods of controlling X pileup , as they act to modify the oxidation rate without simultaneously altering the diffusion of Si in SiGe, as happens with temperature changes.
E. Oxidation rate dependence on pile-up concentration
The discussion, so far, has assumed that the oxidation rate of SiGe alloys is the same as or close to that of Ge-free Si and may be described by the Massoud 39 or Deal and Grove 40 models. If the oxidation rate of SiGe is enhanced or slowed as a function of Ge concentration, then the pile-up layer concentration will be integral to determining the oxidation rate. Recognizing that higher Ge concentrations act as a catalyst for diffusion of Si in SiGe alloys, if variation in Ge concentrations influence the oxidation rate of SiGe, then the two effects will create a feedback loop between J ox and J pileup . With the starting assumption that J ox ¼ J pileup and since higher Ge concentrations lead to higher fluxes of Si in SiGe, there are five cases to consider for comparison of the rate of change of flux with respect to Ge concentration in the pile-up:
i.
dJ pileup /dX pileup < dJ ox /dX pileup ; the thermodynamic preference for oxidation of Si will initiate an increase in X pileup , leading to J ox > J pileup and then to X pileup ¼ 1 and the oxidation of Ge ii. dJ pileup /dX pileup ¼ dJ ox /dX pileup ; published values 38 for diffusivity of Si in SiGe and a common model, like the pre-deposition model, would lead to orders of magnitude difference in the oxidation rate of SiGe between X ¼ 0 and X ¼ 1. The data from this study does not support this case. iii.
dJ pileup /dX pileup > dJ ox /dX pileup > 0; an increase in X pileup causes a smaller value of J ox /J pileup , which leads to a disproportionately large drop in X pileup iv.
dJ pileup /dX pileup > dJ ox /dX pileup ¼ 0; although an increase in X pileup will increase J pileup , no feedback occurs and J ox is unaffected v.
ÀdJ pileup /dX pileup < dJ ox /dX pileup < 0; an increase in X pileup causes a larger value of J ox /J pileup , which leads to a disproportionately large increase in X pileup vi.
ÀdJ pileup /dX pileup > dJ ox /dX pileup ; an initial increase in X pileup leads to a lower oxidation rate, J ox /J pileup , and X pileup . The associated drop in J pileup is not sufficient to compensate for the drop in J ox , and X pileup is forced toward X, making the pile-up layer disappear.
If Ge acts as either a catalyst or inhibitor for the oxidation of Si in SiGe alloys, then the oxidation rate will vary as a function of X pileup . Holland et al. 26 recognize this point and suggest that a difference in binding energy of Si to Si and Si to Ge at the oxidation front is responsible for Ge acting as a catalyst. However, their analysis relies on correlation of Ge implant doses (i.e., X) to oxide thickness rather than explicitly correlating oxidation rate to X pileup . The influence of X, temperature, time, pressure, and the oxidation ambient on oxidation rate must be decoupled from their influence on X pileup in order to determine how and whether Ge acts as a catalyst or inhibitor for oxidation of Si.
IV. SUMMARY AND CONCLUSIONS
This study addresses several fundamental aspects of the oxidation-induced redistribution of Ge in thin films of SiGe, including the incorporation of Ge into the oxide and the formation of what is alternatively referred to as pile-up, snowplow, or a germanium-rich layer. The dynamics of the formation of a pile-up layer are explored, with attention given to the influence of oxidation temperature on Ge redistribution and formation of a pile-up region. This is done with novel observations and is motivated by the use of thermal oxidation for nanostructuring and device fabrication with SiGe. The analysis is supported by experimental evidence from RBS, XPS, and ellipsometry measurements, as well as simulations. The focus of the study is on oxidation of epitaxial thin films (< 100 nm) of Si 1ÀX Ge X in dry O 2 at 1 atm and 800 C, 850 C, 900 C, 950 C, and 1000 C. The oxidization of SiGe in the temperature range between 800 C and 1000 C at ambient pressures has been demonstrated to avoid the incorporation of Ge into the SiO 2 layer. As predicted by an analysis of the Gibbs free energies, the preferential oxidation of Si is supported by observations made by XPS. The XPS profiles show limited oxidized Ge in the native oxide, while no oxidized Ge is present in the thermal oxide or the Si-rich region of the SiGe to SiO 2 interface.
RBS data shows longer oxidation times, leading to an increase of Ge content in the pile-up region and eventually creating a single high Ge content pile-up layer by entirely consuming the initial SiGe layer. The pile-up effect was shown to occur at the oxidation interface, with the highest Ge content occurring at the same interface. For a given oxide thickness, the redistribution of Ge and the formation of a pile-up region was shown by RBS data to be independent of temperature in the range between 800 C and 1000 C. Simulations using common models for the oxidation of Si and diffusion of Si in SiGe indicate that temperature does have an influence on the composition of the pile-up layer, though the range of achievable compositions is limited. The flux of Si due to diffusion of Si in SiGe relative to the oxidationinduced flux of Si out of the SiGe is integral to the formation and dimensions of a pile-up region.
Two predictive relations were derived for describing the dynamics of oxidation of SiGe. The first relation is given for determining the pile-up layer thickness as a function of oxide thickness and the composition of the pile-up layer. The second relation assumes a limited supply of Si and is for determination of the minimum initial thickness of a SiGe layer to avoid oxidation of Ge. The validity of these equations was confirmed by RBS and XPS data from this study as well as values from TEM and XRD from other studies. The proposed models may be used in nanostructuring thin films of SiGe by oxidation and in the design of core-shell structures and transistors.
